Several reports from mammals indicate that an increase in the mutation rate in late-replicating regions may, in part, be responsible for the observed genomic heterogeneity in neutral substitution rates and levels of diversity, although the mechanisms for this remain poorly understood. Recent evidence also suggests that late replication is associated with high mutability in yeast. This then raises the question as to whether a similar effect is operating across all eukaryotes. Limited evidence from one chromosome arm in Drosophila melanogaster suggests the opposite pattern, with regions overlapping early-firing origins showing increased levels of diversity and divergence. Given the availability of genome-wide replication timing profiles for D. melanogaster, we now return to this issue. Consistent with what is seen in other taxa, we find that divergence at synonymous sites in exon cores, as well as divergence at putatively unconstrained intronic sites, is elevated in late-replicating regions. Analysis of genes with low codon usage bias suggests a ;30% difference in mutation rate between the earliest and the latest replicating sequence. Intronic sequence suggests a more modest difference. We additionally show that an increase in diversity in late-replicating sequences is not owing to replication timing covarying with the local recombination rate. If anything, the effects of recombination mask the impact of replication timing. We conclude that, contrary to prior reports and consistent with what is seen in mammals and yeast, there is indeed a relationship between rates of nucleotide divergence and diversity and replication timing that is consistent with an increase in the mutation rate during late S-phase in D. melanogaster. It is therefore plausible that such an effect might be common among eukaryotes. The result may have implications for the inference of positive selection.
Introduction
It is well established that in mammalian genomes, neighboring genes show more similar rates of evolution at intronic or exonic synonymous sites than would be expected by chance (see e.g., Wolfe et al. 1989; Matassi et al. 1999; Smith et al. 2002; Lercher et al. 2004) . The reasons for this local similarity (regional homogeneity) are not well characterized. Recent reports have implicated replication timing, with sequences replicating late during S-phase exhibiting increased neutral divergence and diversity due to what appears to be an increase in the mutation rate (Stamatoyannopoulos et al. 2009; Chen et al. 2010; Pink and Hurst 2010) . While the mechanisms responsible for this remain to be elucidated (see Discussion in Chen et al. 2010 ), a similar effect has been suggested to occur in Saccharomyces cerevisiae (Lang and Murray 2011) .
That such phylogenetically distant species as yeast and mammals both show evidence of higher mutation rates for late-replicating sequence tempts the speculation that this might be a universal eukaryotic feature. However, an increase in both heterozygosity within Drosophila simulans and divergence between D. simulans and D. melanogaster has been reported near early-firing replication origins (as determined in D. melanogaster Kc cells, see MacAlpine et al. 2004 ) on chromosome 2L (Begun et al. 2007 ). This suggests that Drosophila may show the opposite trend to that seen in yeast and mammals. Moreover, while polymorphism and divergence are known to show large-scale fluctuations in D. simulans, this has been attributed to the effects of natural selection coupled with differences in the recombination rate rather than heterogeneous mutation rates (Begun et al. 2007 ). It is also not known whether neighboring genes have similar rates of evolution at putatively neutral sites as observed in mammals.
Given several differences in genome organization between mammals and drosophilids, it is perhaps not obvious that we should necessarily expect to observe the same trends in the two groups. For example, while the increase in CpG substitutions in late-replicating mammalian sequences has been attributed to methylation levels rising during S-phase (Chen et al. 2010) , D. melanogaster lacks nuclear methylation (measured in 0-3 h embryos) (Zemach et al. 2010) . Moreover, in mammals, isochore boundaries correspond to boundaries between late-and early-replicating sequence (Schmegner et al. 2005 (Schmegner et al. , 2007 . In contrast, no significant difference in GC content between cytologically defined late-replicating regions and other regions has been reported in D. melanogaster (Belyakin et al. 2010) . Replication timing zones in D. melanogaster do, however, have a number of other genomic features. Lamin B targets, which associate with the nuclear periphery, are late replicating, as well as being more likely to be found in regions of conserved gene order, lacking active histone marks and being transcriptionally silent (Pickersgill et al. 2006; Ranz et al. 2011 ). Clusters of testis-expressed genes also tend to be found in late-replicating regions (Belyakin et al. 2005) . Similar associations between replication timing and subnuclear localization and chromatin structure have been described in mammals (see e.g., Williams et al. 2006; Grasser et al. 2008; Hiratani et al. 2008 Hiratani et al. , 2010 . Additionally, late-replicating sequences in yeast show a similar pattern of association with the nuclear periphery, as well as being hypoacetylated and heterochromatic, indicating that these features may be shared between all eukaryotes (see Gilbert 2002; Donaldson 2005) .
Given the recent availability of genome-wide replication timing data for D. melanogaster (Schwaiger et al. 2009 ), we now provide the first genome-scale assessment of the relationship between replication timing and divergence and diversity at putatively neutral sites. We first ask whether a local similarity in synonymous substitution rates exists in flies. We then attempt to establish whether replication timing and mutation might be related. Consistent with what is seen in other taxa, we find that both divergence and diversity are elevated in late-replicating regions. We attempt to estimate the magnitude of the effect by considering what happens as we sample genes with ever-lower levels of codon usage bias. By sampling genes with ever-higher levels of codon usage bias, we additionally examine whether the mutagenic effect of late replication is sufficient to impact substitution rates in even the most highly expressed genes.
Materials and Methods

Orthology
Orthology information, defined by fuzzy reciprocal BLAST and Synpipe (see Clark et al. 2007 ), was obtained from FlyBase.
Sequence Divergence
Whether the D. melanogaster genome contains a class of sequence that is not under selective constraint remains contentious. There is evidence for both purifying and positive selection acting on noncoding sequences in D. melanogaster. Estimates of the proportion of constrained noncoding sites in D. melanogaster range from 22% (Bergman and Kreitman 2001) to 70% (Andolfatto 2005) . It has been estimated that the genome of D. melanogaster contains three times as much functional noncoding sequence as protein-coding sequence and most deleterious mutations in D. melanogaster are thought to occur in noncoding sequence (Halligan and Keightley 2006) . Indeed, certain classes of noncoding sequence appears to evolve more slowly than synonymous sites in coding sequence (Andolfatto 2005) , suggesting that synonymous exonic sites might be suitable to determine whether unconstrained sites show regional variation in divergence, especially in genes with low codon usage bias.
In addition, positions 8-30 of introns 65 bp in length have been designated unconstrained based on their high levels of divergence (Halligan and Keightley 2006) , while bearing the obvious disadvantage that there are relatively few of them compared with synonymous sites. Although a comparison of several classes of putatively neutral sites did not reveal a significant difference in divergence between 4-fold synonymous and intronic rates, synonymous sites were estimated to contain 7.6% more constrained positions than base pairs 8-30 of introns 65 bp in length .
One caveat of the above analysis is, however, the use of all sequence within exons. Selection on exonic splice enhancers (sequences enriched near exon-intron junctions involved in the recognition of exon ends), is known to pose an additional selective constraint on coding sequence, and failure to remove these sites can lead to the true rate of divergence being underestimated, particularly in genes with a high proportion of sequence near intron-exon boundaries (see Parmley et al. 2007; Warnecke and Hurst 2007; Warnecke et al. 2008 ). Given the above, we consider two classes of site: positions 8-30 in small introns and synonymous sites in exon cores (i.e., away from exon-intron junctions-see below for definition). In addition, we consider the effects of selection on codon usage by considering what happens as we enrich the sample for lowly expressed genes.
Synonymous Exon Core Divergence
To calculate divergence at synonymous sites, 6 of the 12 available Drosophila species (D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta, D. ananassae) were considered, as divergence beyond the melanogaster group is too great for dS to be estimated accurately (see Supplementary information, Supplementary Material online in Larracuente et al. 2008) . Exon nucleotide sequences for all six species were obtained from FlyBase release 5.33. Exons were matched by filtering out genes that did not have at least one isoform with identical exon numbers across all six species, and exons with corresponding positions within a gene that differed by more than 10% in length or that were absent in one or more species were discarded.
We trimmed 69 bp from each exon boundary, as these regions are subject to constraint due to selection on splice enhancers, which can lead to divergence being underestimated (see Parmley et al. 2007; Warnecke and Hurst 2007; Warnecke et al. 2008 ). The nucleotide sequences were then translated to amino acids, aligned in MUSCLE (Edgar 2004) and translated back to nucleotides. Sequences with internal stop codons due to missing bases in the nucleotide sequence file were removed. All exons from the same gene were then concatenated to reduce noise resulting from the use of short sequences to calculate divergence. PAML was used to calculate synonymous divergence rates using an unrooted version of the best-supported tree from Larracuente et al. (2008) (see fig. 1 ). As our replication timing estimates come from D. melanogaster Kc cells, divergence between D. melanogaster and its reconstructed ancestral node was considered in our analysis. We employed three models. First, one where the codon model was F3x4 and omega was permitted to vary across branches. Second, one using the same codon matrix as above but restricting to one omega across branches. Finally, one where codons were assumed equally abundant (1/61 each) and omega permitted to vary across branches. In all cases, we assume no clock and do not permit variation in omega between sites within a gene. Results for all Weber et al. · doi:10.1093 
Intronic Divergence
The problem of employing divergence of bases 8-30 of introns with 65 bp length is the limited number of introns meeting the length criterion. Rather than aligning sequences from all six species, three-way alignments (dmel/ sim/sec and mel/yak/ere) were made to maximize sample size. Alignments were performed with MAFFT using thegenafpair-maxiterate 1000 settings. Drosophila ananassae was not considered as the alignments did not appear reliable when checked by eye. Whole introns were aligned and then trimmed before further processing. Intronic divergence was then calculated using the method of Tamura and Kumar (2002) , which accounts for compositional heterogeneity. In addition, we calculated net divergence, subtracting nucleotide diversity (see below) from the estimated divergence (see Li 1977) to control for ancestral polymorphism, so as not to overestimate divergence between recently diverged species (Charlesworth 2010) .
Codon Usage Bias
Codon usage bias was calculated using codonW (http:// codonw.sourceforge.net). This provides a score for each gene that reflects its tendency to employ the optimal codons. Codon adaptation index (CAI) reference values (i.e., defining the optimal codons) were taken from Carbone et al. (2003) .
Replication Timing
Replication times in D. melanogaster were determined by Schwaiger et al. (2009) . Of the cell types for which replication timing data was obtained, embryonic-derived Kc cells were considered to be the closest to the germ line. These data were obtained from the NCBI Gene Expression Omnibus (GEO) in Series GSE13328, data set GSE336362, file GSM336362_Kc_ replication_timing.txt. Array probe start positions for the original data set were individually converted from UCSC assembly dm2 to UCSC assembly dm3 using the UCSC liftOver tool and associated chain file dm2ToDm3.over.chain. Array probe start positions were then further converted from UCSC assembly dm3 to FlyBase release 5 using the FlyBase coordinate converter located at http://flybase.org/static_pages/ downloads/COORD.html (Tweedie et al. 2009 ). The lifted probe positions were first purged to remove any whose position could not be converted to FlyBase release 5. Next, all cases whereby a genomic location on FlyBase release 5 had been assigned to more than one probe were identified. Replication times at each position were then compared. Where replication times did not differ between duplicate probe positions, only a single probe was retained in the final data set. Where replication times differed, replication times for each pair were plotted andtheirorthogonalresidualfromx5 ywerecalculated.From the distribution of these residuals (supplementary figs. 1 and 2, Supplementary Material online), an upper limit of 0.069 was imposed. Both duplicate probes with orthogonal residuals .0.069 were purged from the final dataset. Where orthogonal residuals were 0.069, a mean of the two replication times wastakenand assignedtoasingleprobeatthat position.Genic positions in R5.33 were extracted from file dmel-all-CDSr5.33.fasta, available as a precomputed file from FlyBase at ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/ dmel_r5.33_FB2011_01/fasta. Replication times were assigned to genes based on identification of all probes located within a given gene. Where more than one replication time was identified for a given gene, these were tested for normality of distribution, 23% of which were found to be skewed. As such, the median of all replication times that applied to a given gene was taken. Plots of the replication time and dS as they vary across the genome are in supplementary figs. 3-7 (Supplementary Material online).
Recombination Rates
Per-gene recombination estimates based on Release 4.3 of the D. melanogaster genome were obtained from Larracuente et al. (2008) . These rates were calculated by two different methods: regression polynomial (RP) is based on the slope of the third-order regression polynomial at the midpoint of each gene (see Hey and Kliman 2002) , whereas adjusted coefficient of exchange (ACE) is calculated from the relationship between genetic and physical map positions across polytene bands, that is, on a local scale. For plots of recombination rate against chromosomal position, see supplementary figs. 8-12 (Supplementary Material online). We used the genes as reference points when comparing recombination rate against local diversity. 
Results
Regional Similarities in dS Are Greater Than Expected by Chance
If the regional homogeneity in mutation rates that has been suggested to exist in mammals (see e.g., Wolfe et al. 1989; Matassi et al. 1999; Smith et al. 2002; Lercher et al. 2004 ) is also present in D. melanogaster, we expect to detect local similarities in divergence at neutral sites. An autocorrelation for local diversity and divergence rates has been observed in D. simulans (Begun et al. 2007 ), although it is not clear whether this observation can be extrapolated to neutral sites in D. melanogaster. Given the correlation between synonymous and nonsynonymous sites (Begun et al. 2007 ), we might, however, expect to detect a local similarity in dS in D. melanogaster. This is indeed what we find.
To minimize noise in estimation, we considered genes with at least 500 bp of exonic sequence (n 5 2599). For these long genes, we calculated the modular difference in exon core dS between the neighbors and calculated the mean of these differences. We then compared this value against the ones for randomized genomes, in which a gene could take any position on the chromosome arm that it was originally found on.
For these randomized genomes, we again determined the mean difference in dS between neighbors. We find that values of adjacent genes are significantly more similar than expected based on 1000 randomizations (none of the simulations was as similar as the real comparisons: fig. 2 ). The same is observed when we exclude the X-linked genes (n 5 2388) or when we exclude genes in the telomeric 3MB. Thus, we confirm that, as with mammals, neighboring genes have similar rates of evolution at synonymous sites.
Late-Replicating Sequence Has Elevated Rates of Evolution
Given the local similarities in substitution rates at weakly constrained sites, we then ask whether local rates might, as in mammals, be impacted by replication timing. If so, we would expect exon core dS values for late-replicating genes to be higher than for early-replicating genes. As above, we removed genes with less than 500 bp concatenated exon sequence length. In this set, replication timing negatively correlates with exon core dS values (Spearman's rho, hereafter referred to as rho 5 À0.0564, P 5 0.004, n 5 2560), that is, late-replicating sequence has increased dS (see fig. 3 ). Note that negative replication timing values indicate late replication. When we consider the difference between the earliest and latest replicating sequences, we find a difference of 10.81% (determined by substituting the earliest and latest replication times into When comparing closely related species, ancestral polymorphism can lead to the true extent of divergence being overestimated (see Charlesworth 2010) . To control for this, polymorphism (Pi) for the 10-kb region overlapping each gene was subtracted from dS to give a corrected net divergence value (see Li 1977) . Our results are not altered when this polymorphism-corrected measure of synonymous divergence (dS À Pi) is employed (rho 5 À0.0505, P 5 0.0116, n 5 2603; difference between early and late replicating 5 10.99%). Note, however, that this is not a perfect control as the diversity measure does not distinguish between classes of site. However, a partial correlation of dS against replication timing controlling for diversity also remains highly significant (P 5 0.007). Both tests suggest that the replication time dS correlation is not owing to standing variation but reflects substitutional differences.
Analysis of introns provides qualitatively similar results to those seen for synonymous sites but not always significant. As only 23 bp of sequence from introns 65 bp could be used for a given intron, sequences were partitioned into 100 bins of equal size according to their replication timing. Sequences from each bin were then concatenated to give an average divergence estimate for each bin. When we consider the more distant comparator species D. yakuba and D. erecta, we find, as with synonymous sites, a significant negative relationship (rho 5 À0.2385, P 5 0.0169 for D. yakuba; rho 5 À0.2195, P 5 0.0282 for D. erecta) (see fig. 4 ). The difference in divergence between the earliest and latest replicating bins is 8.07% for D. yakuba and 8.27% for D. erecta, supporting the notion that late-replicating introns are more diverged. However, for intronic divergence between D. melanogaster and D. simulans and between D. melanogaster and D. sechellia, we observe negative but nonsignificant correlation with replication timing (rho 5 À0.1098, P 5 0.2767 for D. simulans; rho 5 À0.1366, P 5 0.1754 for D. sechellia). That there is considerable scatter in figure 4 may reflect, among other things, differences in replication timing between species, error in estimation of replication timing and variable levels of constraint even within the 23 bp of sequence in short introns.
Analysis of Low Codon Usage Bias Genes Suggest a 30% Difference in Mutation Rate between Earlyand Late-Replicating Sequence
The above analyses suggest that late replicating, possibly neutral sequence has a higher mutation rate than early-replicating sequence. However, it is likely that the intronic sequence may yet be under selective constraint and many of the genes in our sample are likely to be affected by selection on codon usage. In Late-Replicating Domains in Drosophila melanogaster · doi:10.1093/molbev/msr265 MBE principle, if we wish to estimate the magnitude of the difference in mutation rate between early-and late-replicating sequence, we should consider what happens when we restrict analysis to genes with low codon usage bias. Note that CAI is more appropriate than expression to control for evolutionary constraint imposed by high levels of expression, as CAI reflects all of life history and optimal codons are known to differ between life stages (see Hense et al. 2010) .
Fortunately, CAI (and Fop) does not correlate with replication timing (P 5 0.9532 for CAI; P 5 0.4731 for Fop), indicating that there is no tendency for more highly codon-biased genes to replicate early or late. Enriching the sample for lowly expressed genes should not thus greatly skew replication timing values, possibly distorting statistics. This lack of correlation is perhaps not unexpected, as replication timing is more closely correlated with histone 4 lysine 16 acetylation (H4k16ac) than with transcription, with 30% of early-replicating genes being inactive (Schwaiger et al. 2009 ).
Rather than arbitrarily deciding that a certain CAI score should be considered as a cutoff for low bias, instead we consider what happens to the difference between the earliest and latest replicating sequence as we gradually remove the genes with the highest CAI scores from the analysis and consider what happens at the limit. That is, we assigned genes to 26 bins of equal size according to CAI and removed one bin at a time, beginning with the most highly biased. We then calculate the slope on the line relating replication time to dS and the percentage difference between the earliest and latest in terms of their replication timing by reference to the regression line and to two fixed time points (the maxima and the minima from the unreduced data set).
We observe that the percentage difference in dS between the earliest and latest replicating sequence increases markedly as highly codon-biased genes are removed from the set (see fig. 5a ). Concomitantly, an increase in magnitude is also observed for the slope of the regression line, which becomes steeper the more highly biased bins are removed (see fig. 5b ).
This conclusion is robust to removal of 3 Mb from the telomeric end each chromosome ( supplementary fig 18. Supplementary Material online). Employing an estimation of dS where omega is held constant across lineages also makes no difference (supplementary fig. 19 , Supplementary Material online). Similarly, using a different codon matrix model makes no difference (supplementary fig. 20 , Supplementary Material online). Considering the limit as CAI is ever lower the percentage difference appears to asymptote to about ;30%, while in the unfiltered sample, it is just 10.81%. We conclude that selection on codon usage partially obscures the difference between early-and late-replicating sequence.
We can also consider the opposite trend, that is, what happens as we sequentially remove the least biased (lowest CAI) genes ( fig. 6 ). Is selection on the most highly expressed genes strong enough to counteract any increased mutation rate in late-replicating sequence? We find that the difference between early-and late-replicating sequences (or rather the slope of the regression line) is no longer significant, suggesting that selection on codon usage in the most highly expressed genes is indeed strong enough to mask underlying mutation rate differences (see fig. 6 ). After removing the first 2 of 13 bins, there appears to be a decline in the difference in exon core dS between the earliest and latest replicating sequences with a borderline significant regression slope (delta 5 0.0841, P 5 0.0846 after removing the first bin; delta 5 0.0845, P 5 0.0986 after removing the second bin; see fig.6 ), but the difference quickly diminishes thereafter. This contrasts with the previous analysis where most bins showed a significant slope (see fig. 5 ).
Late-Replicating Sequences Have Elevated Diversity Not Explained by Recombination
Given the observed increase in divergence in late-replicating regions, we might expect to see a similar effect on nucleotide diversity if mutation rates do indeed increase in late S-phase. Estimates of nucleotide diversity depend on the study population (see Sackton et al. 2009 ). In the Portuguese sample, we consider mediandiversity (measured byTajima's Pi, see Kofler et al. 2011 ) for all regions is 0.0055 compared with previous reports of 0.0063 for African flies and 0.0049 for nonAfrican samples (see Aquadro et al. 2001) . As with exon core dS and intronic divergence, nucleotide diversity is elevated in late-replicating sequences (rho 5 À0.0384, P 5 3.66 Â 10 À10 ), with a 10.61% difference between late-and early-replicating regions (see fig. 7 ). It is interesting to note the similarity in the magnitude of the effect on diversity and synonymous divergence (prior to CAI filtering). This increase in diversity in late-replicating regions accords with findings from mammals (Stamatoyannopoulos et al. 2009; Chen et al. 2010 ).
As expected were there regional homogeneity but pangenomic heterogeneity in the mutation rate, synonymous divergence and diversity are positively correlated (for genes with at least 500 bp of exon core sequence rho 5 0.1666, P , 2.2 Â 10 À16 , n 5 2603). This accords with the prior finding that divergence between D. melanogaster and D. simulans is correlated with diversity within D. melanogaster (Sackton et al. 2009 ).
Although consistent with the possibility that late replication causes an increase in the mutation rate and thus higher levels of diversity, the above need not necessarily be indicative of a mutational effect. Recombination is also associated with increased levels of nucleotide diversity in multiple species including D. melanogaster (see e.g., Begun and Aquadro 1992; Lercher and Hurst 2002; Hellmann et al. 2005; Begun et al. 2007; Sackton et al. 2009; Stevison and Noor 2010) . Two possible explanations for this that are not mutually exclusive have been put forward: The effect has been attributed to the greater independence between physically linked alleles in highly recombining regions (Kulathinal et al. 2008; Cutter and Choi 2010; Cutter and Moses 2011) or, alternatively, a coupling between recombination and mutation (Lercher and Hurst 2002; Hellmann et al. 2003; Kulathinal et al. 2008) . As regards the former, both background selection and hitchhiking with positively selected variants cause markers in linkage disequilibrium to lose heterozygosity thus reducing diversity. In domains of high recombination the genomic span over which linkage disequilibrium can affect the fate of a given allele is much reduced, hence, diversity is expected to be higher. The possibility that, in Drosophila, recombination might itself be mutagenic (Magni and von Borstel 1962 ) is lacking strong support. Some analyses find no significant relationship between putatively neutral divergence and recombination (see Betancourt Late-Replicating Domains in Drosophila melanogaster · doi:10.1093/molbev/msr265 MBE recombination is of uncertain interpretation (Ometto et al. 2006; Kulathinal et al. 2008) . Whatever the cause, we expect that domains of low recombination to be domains of low diversity. In accord with previous reports, we detect this predicted positive correlation between both ACE and RP and Pi (All chromosomes: rho 5 0.3660, P , 2.2 Â 10 À16 , n 5 11727 for ACE; rho 5 0.4342, P , 2.2 Â 10 À16 for RP; Autosomes only: rho 5 0.5215, P , 2.2 Â 10 À16 , n 5 9895 for ACE; rho 5 0.5782, P , 2.2 Â 10 À16 for RP). If late-replicating regions tend also to be highly recombining, then the tendency for late replication to be associated with high diversity is not in itself adequate to show that late replication is mutagenic. We thus ask whether covariation with recombination rates might account for the increase in diversity we observe in late-replicating regions.
If late-replicating D. melanogaster genes have high rates of recombination, we might expect this to be apparent in our data set, as meiotic cross over occurs in the female germ line only, and our replication timing estimates come from Kc cells (Schwaiger et al. 2009 ), which are inferred to be female based on dsx splicing (see http://flybase.org/ reports/FBtc0000998.html). However, presently available recombination maps have limited resolution (see supplementary figs. 8-12, Supplementary Material online), and the sign of the relationship between recombination and replication timing depends on the measure employed. RP shows a borderline significant negative association with replication timing (rho 5 À0.0168, P 5 0.07, n 5 11727) indicating increased recombination rates in late-replicating sequences, whereas ACE is significantly positively correlated with replication timing (rho 5 0.0255, P 5 0.00577) indicating decreased recombination in late-replicating sequences. The result for the former measure is consistent with the possibility of recombination being responsible for the increase in diversity in late-replicating regions, whereas the latter is not. As opposed to RP, ACE estimates recombination on a local scale (see supplementary figs 8-12, Supplementary Material online), making it the more appropriate measure here, given the relatively small span of regions with similar replication timings in D. melanogaster (see Schwaiger et al. 2009 ). Additionally, when only autosomal genes are considered, the correlation between RP and replication timing becomes nonsignificant (rho 5 À0.0069, P 5 0.4943, n 5 9895), whereas the correlation between ACE and replicating timing becomes stronger (rho 5 0.0490, P 5 1.057 Â 10
À6
). We therefore ask whether the correlation between diversity and replication timing is independent of recombination. Employing partial Spearman's correlation, we find that controlling for ACE in fact increases the strength of the relationship between Pi and replication timing (rho 5 À0.0354, P 5 0.0001; beta 5 À0.0481, P , 10
À3
, n 5 11727). This increase in magnitude becomes yet more profound when only autosomal diversity is considered (rho 5 À0.0557, P 5 2.87 Â 10
À8
; beta 5 À0.0954, P , 10
À3
, n 5 9895). On the other hand, the effect of replication timing on the relationship between recombination and diversity is negligible (rho 5 0.5215, P , 2.2 Â 10
À16
; beta 5 0.5257, P , 10 À3 for autosomes only; note rho and beta are all but identical), as expected given the strong correlation between recombination and polymorphism. We can therefore infer that, far from explaining the relationship between replication timing and diversity, the effects of recombination may mask part of the impact that replication timing has on nucleotide diversity. This is presumably owing to early-replicating regions that are also highly recombining.
Discussion
Contrary to previous reports based on limited data (Begun et al. 2007 ) and in accord with findings from mammals (Stamatoyannopoulos et al. 2009; Chen et al. 2010; Pink and Hurst 2010) , we observe an increase in nucleotide diversity and putatively neutral substitution rates in late-replicating sequences in D. melanogaster, which is consistent with an increase in the mutation rate during late S-phase. The magnitude of this effect, between circa 10% and 30% difference, is roughly in accord with estimates from mammals (10-20%). Selection on codon usage in highly expressed genes can be enough to counteract these mutational differences.
That the same trend is seen in mammals, yeast and flies (Stamatoyannopoulos et al. 2009; Chen et al. 2010; Pink and Hurst 2010; Lang and Murray 2011) suggests that the trend for late-replicating sequence to have high mutability is a phylogenetically widespread feature in eukaryotes. Indeed, we are tempted to speculate that it may be a universal feature of eukaryotes. Evidence for a similar effect in Archea (Flynn et al. 2010) suggests that it may be even more widespread.
If the above is indeed the case we might expect a mechanism that is itself phylogenetically conserved to explain the trends. It has, for example, been suggested that elevated CpG mutation rates in mammals are accounted for by the increase in methylation observed in late-replicating genes (Chen et al. 2010 ). An association with methylation, however, is unlikely to provide a general model being absent from yeast and flies. Indeed the increase in CpG mutation rates through the cell cycle are matched by those at non-CpG sites (Chen et al. 2010) , indicating that methylation alone is not an adequate explanation (see Mugal and Ellegren 2011) .
One recently emerged hypothesis has the possibility of being generally applicable. During replication, after the replication fork has passed over an area, it is possible that one strand of what should be double-stranded DNA is just single stranded (see Discussion in Lopes et al. 2006; Chen et al. 2010) . Such single-stranded DNA can be repaired by one of two mechanisms. The first uses the complementary sequence from the other product of replication. This is not especially error prone. An alternative is highly error prone translesion synthesis. In yeast, the key enzyme for this mode of synthesis, Rev1, is seen only very late in replication, possibly as a last attempt to repair single-stranded DNA before termination of cell division. This tempts the question as to whether the same trend is seen in flies. Drosophila has an ortholog of Rev1. Analysis of expression profile through the cell cycle would be informative.
Our analysis raises a further series of issues. Why, for example, do we report the common result (late replication associated with high divergence and diversity), while Begun et al. found the opposite from a more limited analysis of chromosome 2L using 10-kb binned data? One possibility is that their replication timing data disagrees with ours. This appears not, however, to be the explanation. Identifying genes in the domains they consider to be early replicating, we find that they are also mostly early replicating in our sample (median replication time 2.254 vs. a genomic median of 0.82). Another possibility is using all sites in 10 kb windows as opposed to synonymous sites might mislead. Unfortunately, their analysis was limited in scope so there are only 16 genes longer than 500 bp for which we could obtain evidence. From this, we cannot make any definitive conclusions. However, we see no difference in the mean dS between these genes and the set of several thousand genes in our sample (mean in our sample 5 0.081, mean in theirs 5 0.082, P 5 0.814). This does not lend support to the view of a higher mutation rate in early-replicating domains. Another possibility is that 2L is not representative of the genome. For this, we see some evidence. 2L is unusually early replicating (median replicating time 1.35 compared with a genomic mean of 0.82, P , 0.00001) and unlike the two arms of chromosome 3, 2L does not show a significant trend for dS to be reduced in early-replicating domains. This may reflect the fact that it has few truly late-replicating domains. Analysis of 2L alone is thus unlikely to provide a reliable guide to genomic trends.
Our results also have relevance for population genetical inference. It is commonly supposed that the level of diversity can be employed to understand the role of selection. Classically, low diversity is employed to identify domains subject to selective sweeps, for example, via hitchhike mapping (Harr et al. 2002) . While these methods allow for diversity to vary as a function of the local recombination rate, they typically do not allow for replication timing differences. It is thus possible that the method will be prone to calling false positives for genes in domains of early replication and false negatives for genes in domains of late replication. A very early to replicate domain, for example, is expected to have low diversity regardless of any sweep. The extent of and quantitative impact of this further necessary covariate in analyses we leave to future studies. Replication timing will, we suggest, be an important parameter in future population genetical analyses.
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